[1] Water vapor plays an important role in the climate system through a number of mechanisms spanning a wide range of space and timescale. Since 1977, the METEOSAT satellites are equipped with a radiometer dedicated to the measurements of upper tropospheric humidity (UTH) which covers a relevant range of scales for a better understanding of the water vapor role in the climate. Due to the changes of the satellites and the calibration techniques over the last 20 years, this water vapor METEOSAT archive is not homogeneous and cannot be directly used for climatic studies. Hence the authors present in this paper a newly homogenized METEOSAT water vapor channel archive. Two main types of anomalies entail the original METEOSAT archive. The first one corresponds to the successive improvements of the calibration procedure. In this case, a statistical correction technique based on comparisons between ECMWF-simulated brightness temperature (BT) and water vapor METEOSAT-observed BT is developed. The second type of anomaly concerns the METEOSAT radiometer changes over the time. While still measuring the UTH, the details of the filter function, indeed, evolved over the last 20 years. In this second case, the correction is based on a physical method implying simulations of the same scene by different radiometer filter functions. Two major cases are documented in detail for September 1987 and for February 1994. Sensitivity analysis of the techniques is conducted and the methods are shown to be robust with respect to the details of their implementations. The efficiency of the two methods is then evaluated. The resulting archive reveals water vapor seasonal cycle features in better agreement with climatological estimates. The new homogenized METEOSAT archive consists of 3-hourly total sky radiance at the 0.625°Â 0.625°resolution over the July 1983 to February 1994 period, offering the opportunity to investigate the variability of the regional UTH from synoptic scales to interannual and interdecadal scales.
Introduction
[2] Water vapor plays an important role in the climate and is usually considered to be a central element of several climatic feedback mechanisms [IPCC, 2001] . This is mainly due to the highly nonlinear interactions between radiation and water vapor. For instance, the outgoing long-wave radiation field has been shown to be much more sensitive to a small perturbation of the humidity content in a dry environment than to a large increase/decrease in a moist background [e.g., Schmetz et al., 1995; Spencer and Braswell, 1997] . This confers the moisture content of the free tropospheric levels an influential role on the climate system [Pierrehumbert, 1995 [Pierrehumbert, , 1999 .
[3] Thanks to the availability of the reprocessed operational satellite archives, it is now possible to scrutinize in a new way the recent climate (1979-nowadays) [e.g., Wielicki et al., 2002] . Such analysis reveals that the multidecadal variability of the tropical atmosphere seems to influence the potential greenhouse global warming signal, in concordance with radiosonde's estimates of the tropical lapse-rate longterm evolution [Gaffen et al., 2000] . These findings reaffirm the need for reprocessed data sets over long-term period, dedicated to the better documentation of the recent history of the tropical climate.
[4] In the intertropical belt (35°S -35°N), the upper tropospheric humidity (UTH) distribution is influenced both in time and space by a number of factors: (1) the large-scale Hadley/Walker circulation, (2) deep convection in the intertropical convergence zone, and (3) the mixing of dry air from the upper levels of the midlatitude regions. The tight connection between the sources or sinks of moisture and the tropical dynamics suggests that UTH is a relevant indicator of long-term climate variability analysis [Chen et al., 2002] . Regional analysis of the long-term evolution of the UTH distribution should further help to gain understanding in the processes at play, by allowing to deconvoluate the associated local climate patterns shifts from the intensification of the global atmospheric hydrological cycle. Furthermore, the mechanisms controlling the UTH distribution in the tropical regions span a wide range of scales, from the synoptic mixing events [Pierrehumbert and Roca, 1998 ], to the short-term interannual variability associated with the main centers of convective activity shifts [Desbois et al., 1988; Picon et al., 1995] and finally to the above mentioned multidecadal global variability in the tropical circulation. While in situ measurements of water vapor in the upper level of the troposphere has been greatly improved over the last decade, for instance, thanks to the MOZAIC program [Marenco et al., 1998 ], the ensemble of scales of concern is not fully apprehended by the radiosondes distribution nor by the special in situ observing systems and one has to rely onto satellite observations to fill the gaps in order to access to the full spectrum of variability of UTH.
[5] Fortunately, the operational meteorological satellite fleet (both geostationary and polar orbiters) is equipped since 1977 or so with infrared radiometers with so-called ''water vapor'' channels. These channels are centered around the strong vibration-rotation band of water vapor near 6.3 mm. In this band, the radiance is directly related, in clear sky, to the mean relative humidity of a broad layer of the troposphere. The exact location and width of the weighting function, nevertheless, depend on the thermodynamic characteristics of the observed atmosphere and on the viewing angle of the radiometer. In cloudy sky, the 6.3-mm radiance corresponds to a signal similar to the window infrared channel modulated by the water vapor above the clouds, if any. More details about the interpretation of these measurements are given by Ramond et al. [1981] , Szejwach [1982] , Picon and Desbois [1990] , Soden and Bretherton [1993] , Schmetz et al. [1995] , Roca et al. [2002a] , and references therein. Hence thanks to these radiometric observations, some information about the long-term variability of the UTH distribution is available. Recently, Bates et al. [2001] reprocessed the whole TOVS archive from 1979 to 2000 in terms of UTH offering a first estimate of the multidecadal variability of the moisture content of the free troposphere over the globe.
[6] We present here such a reprocessing effort albeit quite different, where the total sky METEOSAT water vapor channel archive is homogenized over the 1983-1994 period in a suitable way for regional climate variability studies. The time step of the observations over this period has been selected to be 3 hours. We believe that the present new archive will complement the existing climatologies and will offer new investigation possibilities toward the high-frequency processes at play in the tropical climate as well as toward a better description of the clear-sky mean state of the atmosphere, thanks to the frequent observations of the immediate environment of cloudy regions.
[7] The need for reprocessing the original METEOSAT water vapor archive is demonstrated in section 2. In section 3, the method of homogenization of the long-term series is presented. Sections 4 and 5 detail the application of the correction techniques on the two major perturbing events, respectively. The new 1983 -1994 METEOSAT water vapor radiance archive is described and evaluated in section 6. Finally, conclusions and perspectives for upcoming work are provided.
Original METEOSAT Water Vapor Archive

Satellite Data
[8] The satellite data used here are composed of the ISCCP B3 data for the 6.3-mm channel observations of the METEOSAT satellites [Rossow et al., 1985] . This data set consists of sampled radiances (one pixel every six lines and columns is kept which corresponds to a spatial resolution of 30 km) produced eight times a day. While this lowresolution data set lacks the small-scale details of the water vapor field, the reduced associated data volume allows a convenient scanning of long-term series and is an adequate source of large-scale climatic studies. At the time of this study, the period of availability of the data set spans July 1983-February 1994.
[9] Together with the raw numerical counts and the calibration information, the ISCCP-B3 data are provided with an extensive quality information header. These criteria encompass the major known images corrupting events (missing lines, warm spot over a region, etc.). Nevertheless, the criteria have been set in a very stringent way especially considering the effect of the satellite eclipse on the water vapor imagery yielding the low-quality flagging of all the images acquired at 2100, 0000, and 0300 UT. During the solstice, the effect of such an anomaly on the water vapor images is to produce a warm spot very localized over some parts of the images around midnight. While it has been shown that the period of potential contamination extends both far before and after the solstices time [Köpken, 2001] , the impact is usually restricted to the northern midlatitude part of the images. As a consequence, we choose to keep these images, together with the quality flag in our new database, but all the computations performed and detailed in the next section do not include these low-quality images. Similarly, the database covers the region from 60°W to 60°E and 60°S to 60°N, but all the computations performed herein are restricted to a smaller area: 45°W-45°E and 45°S-45°N. Furthermore, in order to ease the comparison with atmospheric reanalysis, the data are regridded over a regular longitude-latitude grid at the resolution of 0.625°Â 0.625°u sing a simple closest neighbor-averaging operator.
[10] The data are provided in numeric counts and are converted into radiances by using the calibration formula shown in equation (1):
where R is the radiance in W m À2 sr À1 and C is the numeric count. C 0 is the space numeric count obtained by averaging the four corners of the full disc images. The calibration coefficient is a. Both a and C 0 are now available from the Eumetsat web site (http://www.eumetsat.de) and were formerly provided through the quarterly calibration publications of Eumetsat. The radiance R is finally converted into ACL brightness temperature (BT) using an approximate analytic formulation of the Planck function:
where A and B are the nonlinear fitting coefficients depending on the radiometer filter function. These coefficients are also available from the Eumetsat web site.
[11] These two steps, that allow one to convert the numerical count into BT, introduce the major problems in the long-term time series. Indeed, the calibration procedure of METEOSAT, which provides the a of equation (1), is based on a vicarious scheme which relies onto radiative transfer simulations of synthetic BT using radiosondes. The details of the calibration procedure evolution are summarized by Picon et al. [1998 Picon et al. [ , 2000 . Over the 1983 -1994 period, this technique has been modified many times and improved in terms of frequency of computations, quality criterion, regions of comparison etc. [Schmetz and Turpeinen, 1988; Schmetz, 1989; van de Berg et al., 1995; Tjemkes et al., 2001] . This nonstanding procedure yields strong temporal discontinuities in the METEOSAT observations, which are detailed in the next section. The second type of discontinuities in the METEOSAT time series is associated with the second step of the conversion of the numerical count into BT. Indeed, over the period of interest, several infrared radiometers operated. Table 1 summarizes the operational period for each of the radiometers over the whole period. While the radiometers are all centered over the water vapor band, they differ from each other with respect to the shape of their filter function. The main difference concerns the change of the radiometer from the preoperational period (Met-2 and Met-3) to the operational period . Together, these two sources of inhomogeneity induce artificial discontinuities in the time series of the METEOSAT archive, which preclude its use for climate variability studies.
Need for Reprocessing the Original Archive
[12] The need for reprocessing this ensemble of observations is demonstrated in Figure 1 where the regional (45°N-45°S, 45°W-45°E) mean 6.3 mm brightness temperature time evolution is presented for the 1983 -1994 period using original archive data. All the scenes (cloudy or not) are used in these large-scale averages. A warming trend is visible from September 1987 to February 1994, and a cooling trend is visible after February 1994. The regional average of the BT spans a 12-K range from 239 to 251 K. Indeed, from 1987 to 1990, no clear seasonal cycle is seen in the time series. The main discontinuities, outlined in Figure 1 are due to a change of instrument or to a change of calibration method. The time evolution of the BT reveals that during the METEOSAT-2 lifetime before September 1987, the calibration was changed only few times each year. It leads to abrupt variations of the calibration coefficients (a and C 0 ), which almost always produced discontinuities. These inhomogeneities induce alternatively, and not in a systematic way, warming or cooling of small magnitude. Hence the spurious jumps before September 1987 are not considered as events that need to be taken into account in the reprocessing procedure. After September 1987, the changes of calibration are more frequent and lead to the smoothing and even the disappearance of the seasonal cycle. Two important changes with drastic effects were produced when the calibration process was changed on 1 September 1987 [Schmetz and Turpeinen, 1988] and on 4 February 1994 . The other main inhomogeneities, which strongly affect the seasonal cycle, are due to a change of radiometers. Table 1 summarizes the major events that yielded strong anomaly in the time series.
[13] The changes of radiometers over the period are accounted for in the building of the homogenous archive by use of a physical correction, while for the calibrationrelated type of inhomogeneities, we developed a statistical correction method based on radiative transfer simulation and atmospheric reanalysis, which is presented next.
Correction Methods
[14] The statistical correction method relies on comparisons between clear-sky synthetic METEOSAT brightness temperature and the original observed ones in the same conditions. The simulations of the brightness temperature from ECMWF reanalysis are first briefly described and the rationale for the statistical correction technique is detailed. The physical correction used to correct for the change of instruments is then presented.
Clear-Sky Simulations of METEOSAT Brightness Temperature
[15] Clear-sky synthetic METEOSAT brightness temperature fields are computed using the radiative transfer code formerly used for the operational calibration [Schmetz, 1986] . The temperature and humidity profiles are taken from the ECMWF reanalysis. The model is a narrow band code and the filter functions are discretized over six spectral intervals and was shown to agree reasonably well with other parameterized radiative models [Schmetz and Turpeinen, 1988; Tjemkes et al., 1996; Soden et al., 2000] . The filter function of all the METEOSAT radiometers during the 1983 -1994 period are provided with the code. The ERA-15 reanalysis [Gibson et al., 1999] is available on 17 vertical levels, which allows a good description of the vertical structure of the atmosphere for the radiation code [Schmetz and Turpeinen, 1988] . Despite the known inhomogeneity of the longterm reanalysis [Kållberg, 1998 ], the ECMWF reanalysis was preferred to the NCEP reanalysis [Kalnay et al., 1996] after preliminary tests indicated a better spatial correlation 1983 Aug. 12, 1988 June 19, 1989 Jan. 24, 1990 April 19, 1990 Feb. 4, 1994 End period Aug. 11, 1988 June 18, 1989 Jan. 23, 1990 April 18, 1990 Feb. 3, 1994 Feb. 28, 1994 Calibration events Sept. 1, 1987 new method Feb. 3, 1994 Note that the short instrument changes during the decontamination exercises are not mentioned.
between the ECMWF and METEOSAT than between NCEP and METEOSAT with typical value around 0.8 and 0.65, respectively, as well as a smaller bias [Picon et al., 2000] . Nevertheless, as detailed below, only the short-term stability of the analysis procedure is required for the correction technique.
Rationale for the Statistical Correction Technique
[16] The ECMWF reanalysis is constructed using a frozen model which performs the assimilation of the observations, usually available in a similar amount over similar time periods. The reanalyzed atmosphere hence describes a stable status of the atmosphere, at least over short periods. The METEOSAT radiances in the water vapor channel were not assimilated in the reanalysis process, making reanalysis independent from these observations. Therefore the reanalysis can be compared to the METEOSAT archive over short periods in order to deconvoluate the climatic signal from the calibration procedure upgrades and the radiometers changes. The correction technique is hence based on comparisons between satellite-observed BT and ECMWF-simulated BT over short time periods corresponding to the time frame surrounding the perturbing events. Since the reanalysis is not a perfect representation of the status of the atmosphere, the estimated variability of the simulated BT during the chosen periods is only used as a surrogate for a stable climatic situation during the period considered. Indeed, the technique aims at modifying the satelliteobserved data in order to get the same bias and root mean square (RMS) difference between the observed and simulated BT over the short period before and after the corrected event. The corrections applied to the satellite data are therefore ''not absolute but relative'' to the ECMWF-simulated BT time evolution. The key assumption is that the reanalysis process is considered stable during the selected period which was chosen not to exceed 2 months around each perturbing event. One major cause of instability over these short periods of the reanalysis could be the amount and quality of assimilated data (for instance HIRS observations). As detailed in Table 1 of Gibson et al. [1999] , no change in HIRS assimilation occurred during the periods we used. Note that in order to prevent the use of low-quality data and to speed up the processing, the temporal resolution is reduced and only the 0600 and 1200 UT fields and Table 1. images are used in the computation of the statistics of the differences between observed and ECMWF-simulated BTs. The observed and ECMWF-simulated BT are further regridded over a regular 2.5°Â 2.5°grid.
[17] The statistics between the ECMWF-simulated BT and the METEOSAT-observed BT are computed using a linear regression model. Figure 2 shows an example of a comparison of the BT for 13 August 1993 at 1200 UT. While the agreement between the two fields is reasonable (R = 0.62, RMS = 7.89 K), the linearity of the regression is not well established over the whole range of observed BT. Indeed, the radiative simulations are performed in clear-sky conditions while the observed data refer to the total sky BT. As expected, this yields a systematic overestimation of the ECMWF-simulated BT in the coldest range (220 K < BT obs < 240 K). On the other hand, in the observed BT range of 240 -260 K, the linearity of the comparison is increased. In order to filter out the scenes contaminated by cold clouds without a priori information on this cloudiness, a threshold in terms of the image population is used: only the 80% warmest scenes (in the observed values) are kept to compute the bias and RMS. In the case of Figure 2 , this selection allows to increase the correlation coefficient (R = 0.83) and decrease the RMS to 4.23 K.
[18] In order to correct the data for an anomalous event, the statistics of the behavior of the observed data versus the ECMWF-simulated BT are compared and the period before the event is adjusted with respect to the period just after the event. Let us note the ''reference'' period as the period that follows a spurious jump in the time series and the period ''before'' this anomaly as the period that needs to be corrected in order to insure a stable time evolution. For each time step over the whole period, the linear fit between simulated and observed BT is computed, using the 80% warmest grid points.
where a and b are the two coefficients of the linear least squares fit. Then a pair of temporal averaged coefficients for each period before and after the anomaly is formed: a reference , b reference , and a before , b before .
[19] The ensemble of instantaneous regressions lines departs from the temporal averaged regression line by a mean difference of 0.8 ± 0.5 K over the 235 -265 K range. This weak temporal variability allows the use of the temporal averaged coefficients for the correction. Computations using the ensemble (all grid points, all time steps) of simulations and observations yield similar regression coefficients.
[20] As mentioned above, the final correction to apply onto the ''original'' data of the period before the anomalous event consists of imposing that the statistics between the observed BT and the ECMWF-simulated BT remains stable over the anomalous event. Such a correction produces the ''corrected'' BT which can be written as:
[21] This statistical approach allows to homogenize an anomalous event observed with the same radiometer. When the perturbation of the observed time series over the longterm evolution is due to a change of the radiometer within the METEOSAT satellite series, another correction is applied onto the data. This physical correction is presented in the following section.
Rationale for the Physical Correction Method
[22] Independently, on the calibration procedure upgrades induced discontinuities, the satellite changes introduce spurious anomalies. Indeed, the same atmospheric scene, viewed by different instruments does not exactly produce the same radiance. The contribution function of the different METEOSAT radiometers slightly differs from one to another. During the July 1983 to February 1994 period, METEOSAT-2, METEOSAT-3, METEOSAT-4, and METEOSAT-5 have been operated. Each change of instrument produces a brutal anomaly (see Figure 1) . These variations are very sensitive between the preoperational (METEOSAT-2 and METEOSAT-3) and the operational (METEOSAT-4 and METEOSAT-5) satellites, due to the strong difference of their filter functions. Figure 3 shows the different normalized spectral responses of the four instruments. In order to account for these changes, the original archive is converted into METEOSAT-5 equivalent brightness temperature. Such a conversion is achieved for every radiometer using a set of linear conversion coefficients in the form:
where N varies from 2 to 4. The coefficients are computed from the simulations of the same scene for different filter functions. The validity of equation (5) is demonstrated in Figure 4 which presents the scatter diagram of the simulated BT for 1 November 1993 at 0000 UT using the ECMWF fields with different filter functions. Table 2 presents the coefficients to be used in equation (5) as well as the correlation coefficients for the different instruments. For all of them, the relationships are very linear and the correlation Figure 2 . Scatter diagram of the observed brightness temperature versus the ECMWF simulated brightness temperature for 13 August 1993 at 1200 UT. Diamonds: all the points are considered. Squares: 80% warmest points are considered.
coefficients are above 0.99. As expected, the bias between METEOSAT-4 and METEOSAT-5 is very weak (about À0.5 K) and the scatter is low. For METEOSAT-2 and METEOSAT-3, the differences are negative and larger (between À2 and À4 K). Indeed, the filter functions of preoperational satellites are almost flat, corresponding to a larger energy entry (warmer BT) and a thicker contributing layer, with a lower maximum level, while the operational instruments present a narrower filter function which reduces the energy entry which yield this cooling and a higher level of weighting function peak. The selection of the METEO-SAT-5 radiometer as a reference is dictated by the fact that the last calibration process upgrade associated with the operation of METEOSAT-5 in February 1994 was shown to produce the best results over the period considered here . Hence this physical correction allows to correct for the multiple platform observations over the 1983 -1994 period, offering a homogenous measurement of the water vapor radiances.
[23] The two above mentioned methods allow to correct the major anomalous events in the long-term time series of the satellite observations. The application of these methods is presented for the two major events considered here in the next two sections together with the sensitivity analysis of the techniques.
Correction of the September 1987 Events
Application of the Statistical Correction Technique
[24] On 1 September 1987, the METEOSAT-2 calibration procedure was upgraded [Schmetz and Turpeinen, 1988] . A gain change, which is performed in order to exploit the dynamic range of eight bits of the instruments, occurred on 7 September 1987 and produced another perturbation. The application of the statistical correction method for these two calibration-type anomalous events is illustrated in Figure 5 . These events induce a strong warming of the mean BT (Figure 5a ) which is not seen in the ECMWF-simulated METEOSAT-2 BT time series. Note that in the present case, all the scenes (cloudy or not) are taken into account in the computations. The original observation's standard deviation (Figure 5b) is larger than the ECMWF-simulated field one due to the reduced BT range in the simulations which do not include the cold cloudy scenes. The spatial correlation between the original observations and the simulations (Figure 5c ) are high (about 0.8) and relatively stable over Figure 3 . Total atmospheric column brightness temperature in Kelvin (gray) and METEOSAT normalized spectral responses (filled) as a function of wavelength. The spectrum is computed for a tropical profile (41) from the TIGR2000 database [Chédin et al., 1985; Chevallier et al., 2000] . The 4A2000 line-by-line radiative model [Tjemkes et al., 2002] is used for the computations. The plain line is for METEOSAT-2, dotted for METEOSAT-3, dashed for METEOSAT-4, and dash-dotted for METEOSAT-5. the whole August-September period supporting the application of the correction technique. For these two events of 1 September and 7 September 1987, the reference period ranges from 7 September at 1200 UT to 30 September at 1200 UT. The periods to correct span from 1 August at 1200 UT to 1 September at 0600 UT and from 1 September at 1200 UT to 7 September at 0600 UT, respectively. The effect of the correction on the mean BT (Figure 5a ) is a warming of about 4 K before 1 September, and about 1.5 K for the first days of September. This warming yields to a closer agreement with the evolution of the simulated mean during the whole period. Figure 5d shows the associated time series of the root mean error and reveals that the effect of the correction technique corresponds, as expected, to an increase of the RMS temporal stability over the August -September period. Similarly, Figure 5e reveals the increase in the temporal stability of the mean regional bias between observations and simulations after the correction. This means that, after correction, the satellite BT departure from the ECMWF BT is stable over time and that the correction, indeed, partly suppressed the anomalous discontinuity. Nevertheless, as mentioned in section 3, the clear-sky synthetic temperatures are compared with the total sky observations implying a bias in the linearity of the correction technique.
[25] Figure 6 presents the BT averaged for only 80% of the warmest grid points, excluding the coldest cloudy scenes (mainly the convective clouds). During the reference period, the observations are warmer than simulations, indicating a cold and/or humid bias in the reanalyses profiles or a warm bias in the calibration coefficient. The previous good agreement between simulations and observations for the whole region (cloudy and clear grid points previously presented in Figure 5a ) is then an artifact due to the absence of cloud simulations. This conclusion is confirmed by the evolution of the others parts of the histogram [not shown, see the work of Picon et al., 2000] . In order to estimate the impact of such a bias onto the correction results, a sensitivity study to the amount of cloudy scenes included in the regression computations is performed in the next section.
Sensitivity to the Amount of Cloudy Scenes in the Regression Computations
[26] Given that the brightness temperatures are simulated without including cloudiness effect onto the radiances, the regression coefficients obtained using the full ranges of the BT is questionable. For this reason, we have tested different thresholds allowing to separate the effect of cloudy scenes and clear scenes on the regression coefficients. The linear regression coefficients introduced in equations (3) and (4) have been computed successively considering first all the grid points, then the 80 and 60% warmest grid points. In these last cases, the coldest meshes where the simulations always overestimate BT are not considered for the regression computations.
[27] Considering the different evolution of the root mean square error and of the mean differences, the regression using only 80 or 60% of the warmest meshes are equivalent. The 80% regression is chosen in order to keep the maximal information of the images. This threshold corresponds to about 240 K, and takes into account the ensemble of points located around the core of the scatter diagram presented in Figure 2 .
[28] Tables 3 and 4 present the results for the case where only 80% of warmest meshes are considered to compute the a and b regression coefficients. The parameters presented in Table 3 are the RMS differences between simulations and observations for the whole domain or for a reduced domain (the 80, 60, and 20% warmest meshes). For all scenes and for the two periods to correct, the RMS after correction is in better agreement with the reference period RMS: reduced RMS for cloudy scenes (100, 80, or 60%), increased RMS for clear sky (20%). Table 4 shows that, after the corrections, the differences between corrected BT with the ECMWFsimulated BT are now agreeing in signs. For the reduced domain limited on the 80% warmest grid points, the ECMWF computations underestimate the BT with respect to the corrected observations before (2.12 and 2.13 K) and after the event (1.95 K). Previous to the corrections, the ECMWF computations would reveal underestimation (0.3 K for period 2) or overestimation (À2.03 K for period 2) of the Computations performed using equation (5).
BT over the different periods. This further indicates that the correction technique yields a very good temporal stability of the bias between observations and simulations.
[29] Note that in the application of the final correction for this September 1987 period, a third small anomaly is similarly taken into account on 14 September 1987.
Correction of the February 1994 Event
[30] Two events took place at the same time on 4 February 1994. First, the METEOSAT-5 radiometer became operational and replaced the METEOSAT-4 instruments, and secondly, the calibration procedure was upgraded . The two types of correction methods are then used to correct this double event. The reference period ranges from 4 February at 1200 UT to 28 February 1994. The corrected period ranges from 1 January to 4 February 1994.
Change of Radiometer
[31] The first step consists of correcting the METEOSAT-4 BT in METEOSAT-5 BT, following equation (5). The simulation used in this section was performed with the METEOSAT-5 filter. The effect of this physical correction can be evaluated by the temporal evolution of the averaged BT between 45°N-45°S and 45°E-45°W in Figure 7 . Because the METEOSAT-4 and METEOSAT-5 filter functions are very similar, the effect of the filter correction is relatively small ( 1 K). Nevertheless, an important discontinuity remains visible, due to the effect of the calibration process change.
Change of the Calibration Procedure
[32] The second correction technique is performed here using statistic coefficients that are computed using 80% of the warmest pixel population. Figure 8 shows the short-term evolution of the spatial average, the spatial standard deviation of the BT, the correlation coefficient, the root mean square error, and the mean difference between simulations and observations.
[33] The 3-K discontinuity occurring on 4 February disappears after correction on the averaged BT ( Figure 8a ). As in September 1987, the observed BT presents a higher variability than the simulated BT (Figure 8b ). The high (0.8) spatial correlations between simulations and observations (Figure 8c ) again validate the basic assumptions of the method. The effect of the correction is very obvious and reveals an increase of the temporal stability of the root mean square error and the mean difference (Figures 8d and 8e) . The period mean RMS (bias) now evolves from 3.71 K (À0.32 K) over the period to correct to 3.69 K (À0.40 K) over the reference period, while before the correction mean of RMS and bias over the period to correct were 4.55 and 2.60, respectively.
Homogeneous METEOSAT Water Vapor Archive
[34] In this section, the homogeneous METEOSAT water vapor archive is presented and the effect of the multiple corrections of the anomalous events is evaluated. Note that all the references to the BT from now on correspond to METEOSAT-5 equivalent brightness temperatures, i.e., the physical correction of the radiometer change has been applied over the full period.
Homogeneous Archive From July 1983 to February 1994
[35] In order to form the homogeneous long-term archive, the entire data set has been back processed from February 1994 to July 1983 and the two previously highlighted types of anomalies have been corrected using the techniques discussed in section 3. On the top of the major events that are detailed in sections 4 and 5, a number of other anomalous events were detected in the time series. Indeed, during the beginning of METEOSAT-2 operation from 1983 up to before the 1987 calibration process change, numerous perturbations of less than 1 K due to ice decontamination occurred during few days after this type of event. [Picon et al., 2000] . As mentioned in section 2, these minor events have no effect on the seasonal cycle of the average BT. Furthermore, these anomalous events induced slight cooling and warming alternatively over short periods which are difficult to accurately correct for. This slightly unstable period is hence not corrected at all and might finally be considered as a slightly noisy period. As briefly mentioned in section 4, on 14 September 1987, a third small perturbation is detected and is accounted for in the whole archive correction using a similar method as the one described in section 4 for 1 September and 7 September 1987 events. The other events encountered up to February 1994 only correspond to radiometer changes (see Table 1 ) that are corrected for using the physical correction technique.
[36] An important element of the homogenization of the whole archive concerns the successive back time processing of the different anomalous events. As mentioned in section 3, the last period of 2 -28 February 1994 when METEOSAT-5 is operational has also received further attention, because the calibration procedure was upgraded with respect to the METEOSAT-4 operational preceding period to a more accurate vicarious calibration . Hence the last epoch of the whole period corresponds to the selected reference for long-term homogenization. In order to account for this reference in the correction of the archive, the individual anomalous event corrections are applied backward from February 1994 to September 1987. Hence the reference period characteristics are propagated backward over the full period.
[37] The ensemble of corrections (radiometer change, calibration methodology improvement, and referencing to the last epoch) that need to be performed onto the original observations to obtain the homogeneous archive has been designed to be linear. Note that the linearity of all the types of corrections implies that the order of correction is unimportant till the reference period of each anomalous event is also corrected with respect to the more recent one. Hence any original observation from July 1983 to February 1994 can be converted into our METEOSAT-5 equivalent homogenous BT using the following formula:
where a and b are the linear correction coefficients. These coefficients are summarized in Table 5 for the full period of interest. The final result of such an ensemble of statistical and physical corrections of the original archive is illustrated in Figure 9 . This figure shows the time series of the average BT over the 45°W-45°E, 45°S-45°N domain from July 1983 to February 1994 and corresponds to Figure 1 but after the archive is corrected. The regional mean BT is now restricted to a narrower range of BT of 10 K from 238 to 248 K. The magnitude of the seasonal cycle is more regular than before the corrections. The effect of the full correction procedure onto the seasonal cycle description is drastic. Indeed, before the correction from 1987 to 1990, no clear seasonal cycle is seen in the time series (Figure 1 ), while the seasonal cycles clearly appear over the whole period after homogenization. One of the major correction happens in September 1987 and yield a cooling of SeptemberNovember season mean BT with respect to the preceding summer which is in agreement with the climatological behavior of the UTH over the region. The magnitude of the 1987 annual cycle, nevertheless, appears smaller than the climatological estimation. The 1987 -1988 period exhibits strong interannual variability over Africa and the Atlantic Ocean [Picon et al., 1995] and the very specific characteristics of these years may explain the 1987 annual cycle magnitude anomaly. The long-term evolution of the time series (Figure 9 plain line) now reveals a smooth modulation of the regional average BT with three distinct phases. The first phase spans the July 1983 to January 1988 period and is characterized by a slow cooling of about 1.5 K. From January 1988 to January 1991, the regional mean BT warms up by 2 K. Finally, from 1991 onward, the regional mean BT evolution does not reveal any trends and the time series seems to evolve over a plateau. Preliminary comparisons of these regional trends with the NOAA-TOVS Upper Tropospheric Humidity archive [Bates et al., 2001] confirm such a smooth evolution of the tropospheric humidity in this region suggesting that this multiannual signal would be a real characteristic of the short-term history of the African and tropical Atlantic Ocean climate.
Further work is needed to fully confirm this original regional feature and is the topic of future analysis.
Evaluation of the Correction of the Anomalous Events
[38] The rationale for the statistical correction technique used in the present study relies on the idea that the METEOSAT observation departure from the synthetic clearsky BT simulated from the ERA-15 thermodynamical fields shall remain stable over a short time period around an anomalous event. The underlying assumption is that the analysis procedure does not strongly evolve over such a limited 2 months time frame and produces a stable shortterm climate evolution. The quantitative assessment of the effect of the full correction procedure over the whole archive is summarized in Table 6 , where for each of the anomalous event, the effect of the ensemble of corrections onto the satellite archive departure from the simulations is listed.
[39] Note that the above evaluation concerns each of the individual anomalous events and is performed only over the respective short time frame used for the local correction. The comparison of satellite-observed BT and of the ECMWF-simulated BT departure statistics over the long term seems to indicate a stable behavior of the simulated climate with a RMS error around 3.5-4 K and a slightly negative mean difference of À0.5 to À1.5 K. With respect to the estimation of the homogeneous data behavior, this latter comparison further suggests that the METEOSAT archive exhibits a similar behavior than ERA-15 over the 1987-1994 period even though only individual short time periods are used in the correction procedure.
Conclusions
[40] The original METEOSAT water vapor radiance archive over the July 1983 -February 1994 period is investigated and is shown to suffer from a number of anomalous Table 5 ). The plain line with the diamonds shows the seasonal mean. The plain line shows the 1-year running mean. The vertical lines show the calibration events and the radiometer changes detailed in Table 1 . 1987 -Sept. 06, 1987 0.961 5.56 Sept. 7, 1987 -Sept. 13, 1987 0.988 À2.24 Sept. 14, 1987 -Aug. 11, 1988 0.931 11.14 METEOSAT-3 Aug. 12, 1988 -June 18, 1989 0.933 10.27 METEOSAT-4 June 19, 1989 -Jan. 23, 1990 0.936 12.20 METEOSAT-3 Jan. 24, 1990 -April 18, 1990 0.933 10.27 METEOSAT-4 April 19, 1990 -Feb. 3, 1994 0.936 12.20 METEOSAT-5 Feb. 4, 1994 -Feb. 28, 1994 1.000 00.00 a These coefficients are to be applied on the original data to be converted into long-term homogeneous METEOSAT-5 equivalent brightness temperature. events which preclude its use for climate studies. Two types of perturbations are underscored: the first corresponds to an upgrade of the vicarious calibration scheme and the second to the changes of the radiometer spectral characteristics from one spacecraft to another. Both types of events induce anomalous events in the time series. A statistical technique is developed to correct for the effect of the first type of anomaly. It relies on comparisons between the original archive and ECMWF-simulated clear-sky brightness temperature over a short time frame surrounding the event to be corrected. The second type of anomaly is taken into account using a physically based correction. Both types of correction are linear. The new archive is shown to exhibit the missing seasonal features of the original archive in closer agreement with climatological estimations. The new METEOSAT water vapor radiance archive is composed of 3-hourly observations expressed in equivalent METEOSAT-5 brightness temperature at a 0.625°Â 0.625°resolution.
[41] The METEOSAT water vapor measurements were traditionally, not absolutely, calibrated due to a lack of the on-board blackbody calibration system for the preoperational satellites (METEOSAT-1, METEOSAT-2, and METEOSAT-3). A malfunctioning of the blackbody mirror of METEOSAT-4 prevented the use of the on-board blackbody calibration system. It was not used with the following instruments on board METEOSAT-5 and METEOSAT-6. Instead different vicarious calibration schemes were implemented over the last 20 years to perform the operational calibration of the instrument. Since May 2000, the on-board blackbody viewing system of the last spacecraft METEO-SAT-7 is working properly. The first comparisons with the previously used vicarious calibration procedure indicate that the major change concerns a strong improvement of the high-frequency stability of the calibration coefficients [Tjemkes et al., 2001] . The absolute values of the calibration coefficients, nevertheless, do not exhibit large departure from the vicarious scheme (less than 0.8%). This vicarious scheme is the same as the one implemented in February 1994 which has been selected as the reference for the present database, suggesting that the homogeneous 1983-1994 METEOSAT archive is in agreement with the most recent standards of the absolute calibration of the 6.3-mm channel of METEOSAT. If a new reference for the calibration of the METEOSAT data, in the form of an intercalibration with other platforms [e.g., Bréon et al., 2000] were to be shown of better quality, the technique presented here could be easily modified to take into account such a new reference.
[42] This new total sky METEOSAT water vapor radiance archive is currently used to further evaluate the Laboratoire de Météorologie Dynamique General Circulation Model representation of convection and subtropical upper humidity over Africa and the tropical Atlantic Ocean using a modelto-satellite approach Roca, 2000] . Such direct comparisons will be soon extended to all the Atmospheric Model Intercomparison Project phase 2 (AMIP2) [Gates et al., 1998 ] participating GCMs in the frame of an AMIP2 diagnostic subproject .
[43] The perspective for future work is directed toward building a clear-sky METEOSAT water vapor radiance archive using the ISCCP DX data to perform the cloud clarification of the scenes. The high temporal and spatial resolution of the homogeneous METEOSAT observations should benefit to the monthly mean product both in the subtropical regions and in the ITCZ. The clear-sky BT archive offers the potential to further interpret the radiances in terms of free tropospheric humidity [Roca et al., 2002b] and to elaborate a METEOSAT FTH homogeneous clima- Root mean square errors and mean difference between observed and ECMWF simulated brightness temperatures over the 80% of the warmest pixel. Units are in Kelvin. Note that brightness temperature for the reference periods are expressed in METEOSAT-5 equivalent brightness temperature. The reference period spans ±1 month around each of the radiometer changes listed in Table 1. tology. The ISCCP-B3 data period of availability has been recently extended up to December 1999 (W. Rossow, personal communication, 2002) . This extended period will be implemented on the present database using the same correction techniques to provide a relevant observational database for long-term regional climate studies.
